Self-assembled InAs quantum dots (QDs) are very attractive materials owing to the discrete nature of their low lying electronic spectrum [1] . This reminiscence of the atomic energy levels has often led people to term these QDs "artificial atoms". The QD size being comparable to the effective Bohr radius implies that the electrical and optical properties of InAs QDs are strongly affected by manybody effects. Since typical energy separations for the zero-dimensional sublevels in the InAs QDs are 10-100 meV and in the same order with the magnitude of electron-electron (el-el) interactions, understanding of manybody effects on the sublevel structures is crucial, particularly, for device applications that utilize intersublevel transitions.
To investigate the sublevel structures in InAs QDs, available techniques are rather limited.
Terahertz (THz) intersublevel transition spectroscopy was initially performed on ensemble of QDs [2, 3] and, more recently, on single QDs by utilizing the scanning probe microscope technique [4] [5] [6] .
However, due to the broad linewidth and low signal-to-noise (S/N) ratios, a detailed discussion on the manybody states was not possible. Another way to probe the electronic states in QDs is the single electron tunneling spectroscopy [7] [8] [9] [10] . However, it is considered that there is an intrinsic difference between the two types of measurements. In the THz spectroscopy, the excited states (ESs) are probed by optically exciting an electron from the ground state (GS). Since such photoexcitation inevitably affects other electrons in the QD, the transition energy is strongly modulated by el-el interactions, giving rise to manybody corrections such as excitonic effect and depolarization effect [11, 12] . However, in the transport measurements, the ESs are probed by introducing an electron in the QD from an electrode. It is crucial to clarify the relationship between the THz and single electron tunneling spectroscopy to understand manybody electronic states in QDs and a systematic comparison between the two types of measurements are, therefore, highly desirable.
In this letter, we discuss the manybody quantum states in single InAs QDs by simultaneously obtaining the THz intersublevel transition spectra [13] and the tunneling spectroscopy data. We used a single electron transistor (SET) geometry [14] that consisted of an InAs QD and nanogap metal electrodes and detected the intersublevel transitions by measuring a photocurrent induced in the SET. By doing so, we are able to obtain the THz intersublevel transition spectra of a high S/N ratio that can be compared with the transport data and make a systematic comparison between the two types of measurements. We have found that the intersublevel transition energies measured in the few-electron region are systematically larger than the ES energies determined from the transport measurements. We will show that this is because the transport and THz spectroscopy probe the same manybody ESs in the QDs, but with different sensitivities. When the manybody wavefunctions have complex wavefunction patterns in the many-electron region, we indeed observe the ESs whose energies coincide with the THz peaks.
The self-assembled InAs QDs were grown by molecular beam epitaxy on semi-insulating GaAs substrates.
After successively growing a 300-nm-thick Si-doped GaAs layer, a 100-nm-thick undoped Al 0.3 Ga 0.7 As barrier layer, and a 200-nm-thick undoped GaAs buffer layer, self-assembled InAs QDs were grown by depositing 4 monolayers of InAs at 480-490 °C, as shown in Fig. 1(a) . We used quasi-circular QDs with diameter of ~90 nm grown on a (100)-oriented substrate for the study in the few-electron region. was observed at 7.8 ± 1 meV, whereas the measured photocurrent peak was located at 9.8 meV.
Similarly, when N = 4, a transport ES was observed at 9.3 ± 1 meV, whereas the measured photocurrent peaks were at 12-14 meV. For easier comparison, we plotted the THz spectra on the Coulomb stability diagrams in Figs. 1(c) and 1(f).
Figure 2(a) summarizes the ES energies determined from the THz and transport measurements
for the QD-SETs in the few-electron region. As seen in the figure, the ES energy determined from the transport agrees with the THz data only when N = 1. When N > 1, the THz photon energies are systematically larger than the ES energies determined from the transport data. One may think this difference is reasonable, since it is known that the intersublevel transition spectra are affected by manybody corrections [11, 12] . However, this naive explanation falls short of being conclusive as we show below.
To understand the difference between the THz and transport measurements, let us examine what we really measure by the two methods. 
where hν is the absorbed THz photon energy.
As shown in Figs. 2(c) and 2(d), the electronic structures in the QD for the GS and ES in the transport measurements are identical with those for the IS and FS in the THz spectroscopy, respectively; the difference lies only in the external voltages, V DS and V G , applied to the QD-SET. Now, if the coupling between the QD and electrodes is weak, which is evidenced by the straight boundaries of the Coulomb stability diagram, Eqs. (1) and (2) indicate that the ES energies determined from the transport and the intersublevel transition energy hν should match with each other. However, Fig. 2(a) shows that this is apparently not the case.
Here, we would like to emphasize that the Coulomb stability diagrams and THz spectra probe as illustrated in Fig. 2(e) . For the GS, however, only the spin singlet exists. When the QD is optically excited, the spin configuration is conserved and, hence, only the singlet → singlet transition is allowed.
On the other hand, no such spin selection rule restricts the transport. Therefore, when we gradually increase the source-drain voltage, V DS , the triplet ES is detected first and shows up as the ES in the stability diagram. Note here that since the Coulomb stability diagram plots the differential conductance dI/dV, only the ESs that significantly increase the tunneling current appear clearly. Since the singlet and triplet ESs have similar orbital wavefunctions in the few-electron regions, their tunnel conductances are also similar. As V DS is further increased, the singlet ES enters the bias window. However, the singlet state cannot increase the tunneling current as large as the triplet state does, because an electron tunnels via only one of the transport channels (singlet or triplet) in the single electron tunneling process. Therefore, the ES with the lower energy is more visible in the stability diagram and the ES energies determined by the THz spectroscopy are systematically larger than those determined from the Coulomb stability diagrams. From the measurements for N = 2 (see Fig. 2(a) ), we could determine that the energy difference between the singlet and triplet is 5.5 ± 1 meV.
The above discussion addressed the two-electron case. With increasing electron number, the manybody wavefunctions become more complex and we have more chances to find ESs that can be probed both by the THz and tunneling spectroscopy. To see this, we performed measurements on a QDH sample that works in the many-electron region. Figure 3(a) shows an SEM image of a QDH sample. The Coulomb stability diagram of the QDH-SET is shown in Fig. 3(b) . The Fig. 3(d) . Multiple sharp photocurrent peaks are observed at around 15 meV. However, these photon energies are much larger than the low lying ES energies determined from the Coulomb stability diagram (typically 3-5 meV; see the white dashed lines in Fig. 3(a) ), as in the few-electron region.
To examine even higher excited states, we plotted the THz spectra on the Coulomb stability diagrams in Fig. 4(a) Finally, we would like to make a comment on the manybody corrections to the intersublevel transition spectra. Manybody corrections such as the excitonic effects and depolarization effects [11, 12] have been introduced to account for the difference between the measured intersublevel (intersubband) transition energies and the single-particle sublevel (subband) energy separations.
However, we would like to emphasize that both THz spectroscopy and single electron tunneling spectroscopy are affected by manybody corrections by the same magnitude, which can be understood by comparing Figs. 2(c) and 2(d). Therefore, the difference observed between the single electron tunneling spectroscopy and the THz spectroscopy is not due to the difference in manybody corrections, but due to their selection rules.
In summary, we have investigated the manybody quantum states in single self-assembled InAs
QDs by measuring THz induced photocurrent. It is found that the intersublevel transition energies are systematically larger than the ES energies determined from the single electron tunneling measurements. This is associated with the fact that, the intersublevel transition takes place only between the GS and the collective ESs allowed by the optical selection rule, whereas the lowest ES is more visible in the Coulomb stability diagrams. In the many-electron region, we could indeed [19] The three triplet ESs have the same energy since they have the same orbital wavefunctions. Therefore, we describe them as one triplet ES in the analysis.
[20] Although L could not be determined from the experiment performed in this work, L is larger than 0, because Coulomb diamonds could be seen even for more negative V G region in another measurement (supplementary note 1). Therefore, the QDH-SET is in the many-electron region.
[21] Due to asymmetric tunneling barriers of the sample, the Coulomb stability diagram exhibits more features on the positive bias side. Therefore, we compare the THz spectra with the ESs in the Coulomb stability diagram for V DS > 0. V G ( mV) 0 500
